Male sex determination in mammals relies on sex determining region Y-mediated upregulation of sex determining region-box 9 (SOX9) expression in XY gonads, whereas Wnt family member (WNT)/ R-spondin 1 signaling and forkhead box L2 (FOXL2) drive female sex determination in XX gonads. Fibroblast growth factor (FGF) 9 signaling ensures sustained SOX9 expression through repression of one of the ovarian pathways (WNT signaling), whereas the significance of FGF-mediated repression of the FOXL2 pathway has not been studied. Previously, we demonstrated that FGFR2 is the receptor for FGF9 in the XY gonad. Whether a specific isoform (FGFR2b or FGFR2c) is required was puzzling. Here, we show that FGFR2c is required for male sex determination. Initially, in developing mouse embryos at 12.5 to 13.5 days postcoitum (dpc), XY Fgfr2c 2/2 gonads appear as ovotestes, with SOX9 and FOXL2 expression predominantly localized to the posterior and anterior gonadal poles, respectively. However, by 15.5 dpc, XY Fgfr2c 2/2 gonads show complete male-to-female sex reversal, evident by the lack of SOX9
our data suggest that testis determination involves FGFR2c-mediated repression of both the WNT4-and FOXL2-driven ovarian-determining pathways. (Endocrinology 158: 3832-3843, 2017) I n mice, sex is determined at 11.5 days postcoitum (dpc) in the bipotential supporting cell lineage, which drives the differentiation of the gonads into either testes or ovaries. In the XY gonad, testis formation is triggered by the direct upregulation of sex determining regionbox 9 (Sox9) expression by the Y chromosome-encoded sex determining region Y (SRY) protein (1) (2) (3) (4) (5) . Consequently, the bipotential supporting cells differentiate into Sertoli cells with subsequent differentiation of the testosterone-producing Leydig cells and the formation of testis cords containing germ cells. In XX gonads, the bipotential supporting cells instead differentiate into granulosa cells driven by the action of two largely independent ovarian pathways, R-spondin 1 (RSPO1)-Wnt family member (WNT) 4 and forkhead box L2 (FOXL2) (6, 7) . In addition to driving one differentiation pathway, the male and female sex-determining programs also antagonize one another, shown, for example, by the observations that sex-reversed XY Sox9 2/2 gonads express both Wnt4 and Foxl2 (4) and that SOX9 is upregulated in sex-reversed XX Wnt4 2/2 ; Foxl2 2/2 double-knockout mice (7) .
An important role for fibroblast growth factor (FGF) signaling during mouse testis determination was first demonstrated in Fgf9 2/2 mice, which showed XY gonadal sex reversal that was either partial (ovotestes) or complete (ovaries) depending on the genetic background (8, 9) . FGFs bind to and activate seven FGF receptors (FGFRs) encoded by four different genes, Fgfr1, Fgfr2, Fgfr3, and Fgfr4. Similar to Fgf9 2/2 mice, Fgfr2 conditional knockout/mutant XY gonads are also partially or completely sex reversed, strongly suggesting that FGFR2 is the receptor for FGF9 in the developing testis (10) (11) (12) . Evidence suggests that FGF9/FGFR2 signaling acts downstream of SRY/SOX9 in a feedback mechanism to ensure high levels of SOX9 expression during the critical phase of testis determination (10) (11) (12) (13) . This is achieved indirectly, through repression of the antagonistic RSPO1-WNT4 pathway, because loss of SOX9 expression and consequently male-to-female sex reversal in Fgf9 2/2 and Fgfr2 2/2 mice are rescued when crossed to Wnt4 2/2 mice (14, 15) . Like FGFR1 and FGFR3, alternative splicing of the ligand-binding D3 domain generates two FGFR2 splice isoforms, FGFR2b and FGFR2c. The N-terminal half of D3 is encoded by the invariant exon 7, whereas the C-terminal half of D3 is encoded either by exon 8 (FGFR2b) or by exon 9 (FGFR2c) (16) . The two FGFR2 isoforms differ in their expression patterns (17) and their ligandbinding specificities (18) and thus have distinct functions. For example, although FGFR2b is required for external genitalia development (19, 20) , FGFR2c is an important regulator of osteogenesis (21) . To date, it remains an open question whether a specific FGFR2 isoform is required for testis determination. Consistent with FGFR2b being a low-affinity receptor for FGF9 (18, 22) , XY Fgfr2b 2/2 embryos do not show abnormalities in fetal testis development (11) . In contrast, FGFR2c is the major isoform in Sertoli cells (11) and is a high-affinity receptor for FGF9 (18, 22) . However, adult XY Fgfr2c 2/2 male mice on a CD1 genetic background are reportedly fertile, indicative of normal testis development and function (21) . It has therefore been speculated that loss of one FGFR2 isoform could lead to compensatory expression of the other isoform (11), as observed, for example, in the cerebral cortex (23) .
Recently, we reported a mutation in FGFR2c (Cys342Ser) in a patient with craniosynostosis and XY sex reversal (24) . A corresponding mouse model carrying a highly similar substitution (Cys342Tyr) within FGFR2c also showed XY sex reversal, hinting at a role for FGFR2c during male sex determination. However, because Cys342Ser and Cys342Tyr are widely considered gain-of-function mutations, the mechanisms underlying sex reversal in the patient and the mouse model, as well as the requirement of FGFR2c for sex determination, remained elusive. Using a knockout mouse model, we demonstrate that the FGFR2c isoform is required for testis determination. We also show that testis determination involves the repression of the FOXL2 ovarian pathway.
Methods

Mice
Heterozygous Fgfr2c
+/2 mice, which contain a translational stop codon in Fgfr2 exon 9 (21), were initially maintained on a CD1 genetic background. C57BL/6J Fgfr2c +/2 mice were then generated via backcrossing CD1 Fgfr2c +/2 mice to C57BL/6J wild-type mice at least eight times. Heterozygous CD1 Fgfr2c 2/2 ;Foxl2 2/2 embryos at 15.5 dpc and 17.5 dpc. For all crosses, day 0.5 was designated as the morning the plug was identified. For 11.5 dpc embryos, gestation was more accurately staged by counting tail somite numbers as previously described (26) . Genotyping analysis for the Fgfr2 locus (27) , as well as sexing via the Jarid1c/Jarid1d loci (28), was performed using genomic DNA isolated from tail tissue. All animal experimentation was approved and carried out according to the guidelines established by the Monash Medical Centre Animal Ethics Committee.
Gross examination of gonads
Gonads were harvested from embryonic mice in ice-cold 13 phosphate-buffered saline (PBS) and imaged using a Zeiss Stemi SV11 stereomicroscope. At least three independent gonads per genotype were investigated.
Immunofluorescence
Embryonic gonads were fixed overnight in 4% paraformaldehyde at 4°C, then washed three times in 13 PBS. Gonads were then either cryoprotected and embedded in optimal cutting temperature (OCT) medium as previously described (10) or processed and embedded into paraffin. OCT or paraffin sections were cut at 8 mm or 5 mm, respectively, and mounted onto slides. Paraffin slides were baked at 60°C (30 minutes), deparaffinized using three washes of xylene, hydrated using three washes of 100% ethanol, and distilled in H 2 O and 13 PBS. OCT slides were thawed briefly at room temperature, then washed in 13 PBS three times. For OCT and paraffin sections, antigen retrieval was performed by microwaving slides (on high) in 10 mM sodium citrate (pH 6.0) for 20 min. Sections were then blocked for 30 minutes with 5% normal donkey serum and incubated overnight at 4°C with the primary antibodies described in Table 1 . Sections were then washed three times in 13 PBS with 0.1 Tween 20 and incubated with the fluorescent-conjugated secondary antibodies, donkey anti-goat Alexa Fluor 594 and donkey anti-rabbit Alexa Fluor 488 (Thermo Fisher, 1 mg/mL), for 30 minutes at room temperature. Sections were washed three times in 13 PBS with 0.1 Tween 20, then incubated in 0.1% Sudan Black in 70% EtOH for 5 minutes to quench background autofluorescence. Last, sections were washed three times in 13 PBS with 0.1 Tween 20, counterstained using 4 0 ,6-diamidino-2-phenylindole, and then washed three times in 13 PBS and mounted using Dako Fluorescent Mounting Medium (Dako). Sections were imaged using fluorescence microscopy (Olympus Corp). At least three independent gonads per genotype were investigated.
Quantitative reverse transcription polymerase chain reaction
Messenger RNA expression analysis was performed as described (24) . Briefly, total RNA was extracted from individual fetal gonads (with mesonephros removed) at 13.5 dpc using an RNeasy Micro kit (Qiagen). Complementary DNA was synthesized using a high-capacity complementary DNA kit (Life Tech), and quantitative polymerase chain reaction (PCR) was conducted with SYBR Green mix (Life Tech) on a ViiA7 machine (Life Tech). All primer sequences are shown in Table 2 . Relative expression was calculated using the delta cycle threshold method with Tbp as the normalizing control. No significant difference was detected between the left and right gonads (data not shown); therefore, the average expression values from the left and right gonads were calculated and plotted. Statistical significance was determined on the averaged values with one-way analysis of variance followed by HolmSidak multiple-comparisons test performed in GraphPad Prism 7 (GraphPad Software).
Gonad classification
Quantification of the severity of XY sex reversal in mutant gonads was based on a previously published approach (31) . Individual gonads from mutant mice were initially classified as testis, ovotestis, or ovary according to the presence or absence of testicular and ovarian tissue. The amount of testicular and ovarian tissue was determined by section-based immunofluorescence (IF) analysis for the testicular markers SOX9 and/or anti-Müllerian hormone (AMH), as well as the ovarian marker FOXL2. An ovotestis phenotype was further subdivided into "ovoTESTIS" and "OVOtestis," designated as having .50% and ,50% testicular tissue, respectively. mice according to the proportion of testicular and ovarian tissue (Table 3 ). In agreement with our previous morphological examination, two CD1 XY Fgfr2c (Table 3) . Thus, the C57BL/6J genetic background exacerbated the testicular phenotype of XY Fgfr2c 2/2 gonads, leading to complete male-to-female sex reversal in most XY gonads. All subsequent data in this study were generated using Fgfr2c 2/2 mice on the C57BL/6J genetic background.
Results
XY
XY Fgfr2c
2/2 gonads at 11.5 dpc show reduced numbers of SOX9-expressing cells To determine the onset and progression of sex reversal in XY Fgfr2c 2/2 mice, we examined XY Fgfr2c 2/2 gonads between 11.5 dpc and 13.5 dpc for the expression of pro-testicular and pro-ovarian markers. We first analyzed embryos at 11.5 dpc (18 to 21 tail somites), when XY and XX embryonic gonads are still morphologically indistinguishable. At 11.5 dpc, wild-type XY mice express the male sex-determining factor SRY and its direct target SOX9 throughout the entire gonad [ Fig. 3(a) and However, quantification of XY sex reversal showed that most 12.5-dpc gonads were ovoTESTES with predominantly testicular tissue (Table 3 ). In the posterior half, where SOX9 expression was still robust, Fgfr2c Fig. 3(w) ]. Half the number of gonads analyzed (n = 5) completely lacked testis cords and did not show AMH expression, indicative of a complete failure in Sertoli cell differentiation [ Fig. 3(t) ]. In the remaining gonads, the SOX9-expressing cells in the center of the gonads were arranged into cord-like structures expressing AMH (Fig. 4) . When quantified for severity of XY sex reversal, these remaining gonads were all categorized as OVOtestes, with predominantly ovarian tissue (Table 3) gonads at 13.5 dpc showed near complete to complete sex reversal, with a marked reduction in Sox9 expression (87%), virtually absent Amh expression, and Foxl2 and Wnt4 at expression levels very similar to XX wild-type ovaries [ Fig. 5(a) ]. Taken together, XY Fgfr2c 2/2 gonads showed a failure in Sertoli cell maintenance, as evidenced by loss of SOX9 expression and upregulation of FOXL2 expression in an anterior to posterior manner, although a few SOX9-positive cells still remained in the center of 13.5-dpc gonads. XY Fgfr2c 2/2 mice displayed ovotestes at a much higher frequency at 13.5 dpc than at 15.5 dpc. This suggests that the switch from SOX9 to FOXL2 expression continues beyond 13.5 dpc and that most ovotestes at 13.5 dpc progress to full sex reversal by 15.5 dpc (Fig. 2) .
XY Fgfr2c 2/2 ovaries show a switch from Fgfr2c to Fgfr2b expression
The sex reversal phenotype in XY Fgfr2c 2/2 mice at 12.5 dpc and at 13.5 dpc was generally milder compared with conditional XY Fgfr2 knockout mice lacking both FGFR2 isoforms (11) . Besides slight differences in genetic background, another possible explanation for the less severe phenotype could be a compensatory upregulation of Fgf9 expression and/or of the other Fgf receptor genes Fgfr1b, Fgfr1c, Fgfr2b, Fgfr3b, Fgfr3c, and Fgfr4. We measured the messenger RNA levels for these seven genes in whole gonads using qRT-PCR and found that Fgfr1b mice are still able to generate both the Fgfr2b and Fgfr2c Figure 4 . Analysis of the testis cordlike structures in XY Fgfr2c 2/2 ovotestes at 13.5 dpc. (a-e) Double IF for the male-specific Sertoli cell marker AMH (red, cytoplasmic) and the female-specific granulosa cell marker FOXL2 (green, nuclear) in control and XY Fgfr2c 2/2 gonads at 13.5 dpc. (f-j) Double IF for the male-specific Sertoli cell marker SOX9 (red, nuclear) and FOXL2 (green, nuclear) in control and XY Fgfr2c 2/2 gonads at 13.5 dpc. Arrowheads point to very rare SOX9/FOXL2-double positive cells. XY and XX wild-type (XY/XX WT) gonads were included as controls. Dashed lines outline a testis cord in a 13.5-dpc XY Fgfr2c 2/2 ovotestis. Scale bar indicates 50 mm. (XY KO) fetal gonads at 13.5 dpc were measured for the (a) Sertoli cell markers Sox9 and Amh and the granulosa cell markers Wnt4 and Foxl2 and for (b) Fgf9 as well as for the Fgfr genes Fgfr1b, Fgfr1c, Fgfr2b, Fgfr2c, Fgfr3c, and Fgfr4. XY and XX wild-type (XY/XX WT) gonads were included as controls. Mean 6 standard error of the mean, n = 4. *P , 0.05, **P , 0.01, ***P , 0.001 (one-way analysis of variance followed by Holm-Sidak multiple-comparisons test). ns, not significant. transcripts, they specifically lack a functional FGFR2c protein. Our qRT-PCR analyses of whole gonads showed that Fgfr2b expression was significantly increased and Fgfr2c expression significantly decreased in sex-reversed XY Fgfr2c 2/2 gonads compared with XX wild-type ovaries [ Fig. 5(b) ]. These data suggest that the loss of FGFR2c protein expression in the developing XY gonad leads to a splicing switch from the Fgfr2c to the Fgfr2b isoform.
Loss of FOXL2 can rescue sex reversal in XY Fgfr2c 2/2 mice Between 11.5 dpc and 13.5 dpc, the supporting cell lineage in XY Fgfr2c 2/2 gonads gradually switched expression from SOX9 to FOXL2 (Fig. 3) when FOXL2 is normally upregulated in XX control gonads. Because in the fetal and adult ovary, FOXL2 is involved in the repression of Sox9 transcription (7, 36) , this raises the possibility that FOXL2 might be responsible, at least in part, for the failure to maintain SOX9 expression in XY Fgfr2c 2/2 gonads. To test whether loss of FOXL2 could rescue SOX9 expression and thus sex reversal in XY Fgfr2c 2/2 gonads, we generated XY Fgfr2c 2/2 ;Foxl2
compound knockout mice lacking both FGFR2c and FOXL2 and analyzed gonads at 15.5 dpc (Fig. 6 ). Gonads from XY Fig. 6 (f), 6(l), 6(r), and 6(x) and Supplemental Fig. 1(f) ]. These data confirmed that by 15.5 dpc, XY Fgfr2c 2/2 gonads show complete male-to-female sex reversal (see also gonad quantification in Table 3 and Fig. 2 ). In contrast, the phenotype in XY Fgfr2c 2/2 ; Foxl2 2/2 gonads (n = 3 embryos) was highly variable.
Phenotypes ranged from apparently normal testes with robust SOX9/AMH and 3b-HSD expression and lack of SYCP3 expression [ Fig. 6(b) , 6(h), 6(n), and 6(t)] similar to control XY testes [ Fig. 6(a) . This variability was also confirmed by gonad categorization, which found an almost equal proportion of all gonadal phenotypes ( Table 3) . As expected, the XY gonads showed a wide variety of phenotypes, including ovaries, ovotestes, and testes. Scale bar indicates 100 mm. a, anterior; p, posterior.
obtained at 17.5 dpc, the Sertoli cell markers SOX9 and AMH, the Leydig cell marker 3b-HSD, and the malespecific germ cell marker DNA methyltransferase 3 like (DNMT3L) were robustly expressed throughout the gonad [Supplemental Fig. 2(b) , 2(e), 2(h), and 2(k)] similar to a control testis [Supplemental Fig. 2(a) , 2(d), 2(g), and 2(j)], whereas only a few germ cells were positive for the meiotic prophase marker SYCP3 [Supplemental Fig. 2(n) ]. Both the 15.5-dpc and 17.5-dpc XY Fgfr2c 2/2 ; Foxl2 2/2 testes were smaller compared with control testes ( Fig. 6 and Supplemental Fig. 1 ), suggesting that testis development might be slightly delayed. In summary, these data show that loss of FOXL2 can rescue sex reversal in XY Fgfr2c 2/2 mice to varying extents, ranging from ovotestes to the development of apparently normal testes.
Discussion
In this study, we show that testis determination in mice requires the specific FGFR2 isoform, FGFR2c. On the C57BL/6J genetic background that sensitizes for XY sex reversal, most XY Fgfr2c 2/2 gonads at 15.5 dpc presented as ovaries. Disruption of testis development was evident as early as 11.5 dpc, at which time XY Fgfr2c 2/2 gonads were smaller and displayed a marked reduction in the number of SOX9-positive cells compared with XY control gonads, despite apparently normal SRY expression. These data are consistent with previous reports in which conditional total Fgfr2 knockout of both isoforms and Fgf9 knockout mice at 11.5 dpc showed a drastic reduction in the number of SOX9-expressing cells and reduced Sox9 transcript levels, respectively, strengthening the notion that FGF signaling is involved in the upregulation of Sox9 expression (11, 14) . In contrast to these two mouse models, SOX9 expression in XY In the developing XX gonads, the two largely independent pathways, RSPO1-WNT4 and FOXL2, repress SOX9 and trigger ovarian development (6, 7) . An important function for FGF signaling in XY gonads during testis determination is to repress Wnt4 expression, which was revealed by the rescue of SOX9 protein expression and thus XY sex reversal in Fgf9 2/2 and conditional Fgfr2 knockout mice when crossed to Wnt4 2/2 mice (14) . It has recently been demonstrated that besides Wnt4 (15), FGF9 can also repress Foxl2 expression in XX cultured gonads (37) . However, the importance of this repression in XY gonads to ensure sufficient SOX9 expression for testis differentiation was unknown. We found that Wnt4 and Foxl2 were derepressed in sex-reversed XY Fgfr2c 2/2 gonads to expression levels very similar to XX control ovaries, demonstrating that both pathways were highly active in these gonads. In addition, through the generation of XY Fgfr2c 2/2 ;Foxl2 2/2 compound knockout mice, we showed that loss of FOXL2 can rescue SOX9 expression and sex reversal in XY Fgfr2c 2/2 gonads to varying extents, ranging from ovotestes to the development of apparently normal testes. However, some gonads still displayed XY sex reversal with complete loss of SOX9 expression. These data, together with previous findings (14) , indicate that within the developing XY gonad in the absence of FGF9/FGFR2c signaling, WNT4 cooperates with FOXL2 in the repression of SOX9, with WNT4 likely to play a more dominant role. The more potent WNT4-mediated repression of SOX9 might be due to the reported WNT4 expression at an earlier time point within the developing XX gonad compared with FOXL2. Wnt4 expression can be detected as early as 11.0 dpc in gonads of both sexes and is downregulated in XY gonads by 11.5 dpc (35), whereas Foxl2/FOXL2 expression is upregulated only after 11.5 dpc in XX gonads (14, 34) . Thus, repression of SOX9 in the developing XX gonads seems to occur in two steps: WNT4 activity followed by WNT4/FOXL2, as previously proposed (7) . The delayed repressive action of FOXL2 in the developing ovaries could explain in part why XY Fgf9 2/2 (13) and XY Fgfr2c 2/2 gonads (this study)
fail to maintain SOX9 expression. Similarly, transient expression of SOX9 in XX Wnt4 2/2 mice (15) could be due to initial de-repression of SOX9 due to lack of WNT4, which is then followed by FOXL2 repression of SOX9. In summary, we propose a model in which FGF9/ FGFR2c signaling is required to repress both Wnt4 and Foxl2 to ensure high expression levels of SOX9 and thus robust male sex determination (Fig. 7) . Repression of Foxl2 alone in XY gonads (Fgfr2c 2/2 ;Foxl2 2/2 mice) would lead to highly imbalanced sex determination due to strong WNT4 action resulting in a mixture of testes, ovotestes, and ovaries, depending on the genetic background. On the other hand, although repression of Wnt4 alone in XY gonads (e.g., Fgf9 2/2 ;Wnt4 2/2 mice) would ensure SOX9 expression levels above a critical threshold required for normal testis development (14) , due to the repressive action of FOXL2, testis determination might be vulnerable to modifier effects. In humans, FGFR2 gain-of-function mutations lead to various craniosynostosis syndromes (premature fusion of the skull bones). Recently, we identified a gain-offunction mutation in the FGFR2c isoform [c.1025G.C (p.Cys342Ser)] in a female patient with craniosynostosis and 46,XY complete gonadal dysgenesis. Similarly, a corresponding craniosynostosis mouse model (Cys342-Tyr) displayed XY gonadal sex reversal (24) . Therefore, these FGFR2c substitutions, although being activating in the skull, surprisingly lead to a loss-of-function phenotype in the developing XY gonads by mechanisms so far unknown. These could involve, for example, either FGFR2c loss of function or aberrant FGFR2c signaling, leading to a failure in the repression of the ovarian program. Our current study provides evidence that a loss-of-function mutation specifically in the FGFR2c isoform could indeed lead to XY sex reversal, shedding more light into this seemingly paradoxical phenomenon. The craniosynostosis syndrome Beare-Stevenson cutis gyrate is caused by the substitution Ser372Cys or Tyr375Cys, which affects both FGFR2 isoforms (38) . Similar to mice lacking FGFR2b, which exhibit severe hypospadias in both sexes (19, 20) , male (hypospadias and bifid scrotum) and female (hypoplastic/wrinkled labia majora) patients with this syndrome display genital defects (38) (39) (40) . Beare-Stevenson cutis gyrate syndrome is therefore likely to be caused by the loss of function of the FGFR2b isoform within the developing genitalia. Thus, FGFR2b and FGFR2c have important but distinct functions during sexual differentiation both in humans and in mice, FGFR2b for external genitalia and FGFR2c for testis development. In the XY gonad, maintenance of SOX9 expression involves the repression of both WNT4 and FOXL2 by FGF9/FGFR2c signaling. In the XX gonad, WNT4 and FOXL2 cooperate in the repression of SOX9. Repression of SOX9 in the developing XX gonads occurs in a two-step process: WNT4 followed by WNT4 plus FOXL2.
